Plant cells have evolved cortical microtubules, in a twodimensional space beneath the plasma membrane [1, 2] , that regulate patterning of cellulose deposition [3] . Although recent studies have revealed that several microtubule-associated proteins [4] [5] [6] [7] [8] facilitate self-organization of transverse cortical microtubules [9] [10] [11] , it is still unknown how diverse patterns of cortical microtubules are organized in different xylem cells [12] [13] [14] [15] [16] [17] , which are the major components of wood. Using our newly established in vitro xylem cell differentiation system, we found that a novel microtubule end-tracking protein, microtubule depletion domain 1 (MIDD1), was anchored to distinct plasma membrane domains and promoted local microtubule disassembly, resulting in pits on xylem cell walls. The introduction of RNA interference for MIDD1 resulted in the failure of local microtubule depletion and the formation of secondary walls without pits. Conversely, the overexpression of MIDD1 reduced microtubule density. MIDD1 has two coiled-coil domains for the binding to microtubules and for the anchorage to plasma membrane domains, respectively. Combination of the two coils caused end tracking of microtubules during shrinkage and suppressed their rescue events. Our results indicate that MIDD1 integrates spatial information in the plasma membrane with cortical microtubule dynamics for determining xylem cell wall pattern.
Results and Discussion
Cortical Microtubules Are Locally Disassembled in Differentiating Xylem Cells VND6 is a master transcription factor that induces metaxylem vessel formation [18] . We produced four stable Arabidopsis cell lines harboring VND6-YFP or VND6 (eVND6 line) placed under the control of the XVE system [19] , which allows conditional expression with estrogen. All cell lines showed similar induction of metaxylem-like cells by estrogen. Differentiation into xylem cells started 24 hr after cell cultures were supplied with estrogen, and 80% of cells had differentiated at 48 hr ( Figures 1A-1C) . The vessel cells that formed had pitted or scalariform secondary walls that were typical patterns of metaxylem vessels (see Figures S1A-S1A 00 available online). Cortical microtubules in differentiating cells were distributed extensively under the developing secondary walls; however, only a few microtubules occurred beneath the pits in the secondary wall ( Figure 1D ; Figures S1E-S1F 00 ). Microtubule depolymerization with oryzalin caused secondary wall deposition over the entire cell without making pits (Figures S1C and S1C 0 ). Microtubule stabilization by taxol also affected the cell wall patterns ( Figures S1D and S1D 0 ). In contrast, the organization of actin microfilaments was not associated with secondary wall patterns ( Figures S1G-S1G 00 ). These results clearly indicated that the formation of secondary wall pits was associated with cortical microtubules. Time-lapse observations revealed a gradual disappearance of cortical microtubules at the future sites of secondary wall pits ( Figure 1E ). The cortical microtubules in these microtubule-depleted domains were highly unstable, as shown by the lower frequency of rescue events and higher frequency of catastrophic events compared with interphase cortical microtubules ( Figure 1F ; Table S1 ; Movie S1).
MIDD1 Functions in the Local Disassembly of Cortical Microtubules
To understand the molecular basis of the local disassembly of cortical microtubules, we searched for one or more key factors involved in this disassembly process. We selected five cytoskeleton-related genes and three genes encoding coiled-coil proteins of unknown function that are preferentially upregulated during xylem vessel differentiation, based on microarray data from a previous study [18] . These eight genes were fused with GFP and introduced into cultured Arabidopsis cells. The colocalization of each gene product with cortical microtubules was then examined. A novel protein, MIDD1 (AT3G53350), colocalized with cortical microtubules in vivo (Figure 2A ). Fluorescence recovery after photobleaching analysis revealed their dynamic association with microtubules ( Figures S2B and  S2B 0 ). Recombinant MIDD1 directly bound to the microtubules in vitro ( Figure S4C ). MIDD1 was specifically upregulated after the expression of VND6 in the cultured cells ( Figure S2A ). Consistent with this, eFP browser [20] indicated that MIDD1 was expressed in xylem cells in roots. The eFP browser also suggested that MIDD1 may be expressed in some floral tissues, such as stamens, petals, and pollens, indicating their involvement in other cell differentiations. Interestingly, in pMIDD1::MIDD1-GFP-transformed xylem cells, MIDD1 preferentially colocalized with cortical microtubules located beneath the secondary wall pits, but not with microtubules located outside of the pits (Figures 2B-2D ; Figures S2C-S2F 000 ; Movie S2). Such heterogeneous localization of MIDD1 was observed prior to the secondary cell wall development ( Figure S2D ). MIDD1-GFP was also predominantly localized in the pits of secondary walls in taxol-treated cells (Figures S2G and S2G 0 ). MIDD1 encoded a 396-amino-acid-long protein of unknown function that was composed almost entirely of two coiled-coil domains (K67-S124 and L158-S366) and contained no other recognizable catalytic or structural domains ( Figures  S4A and S4A 0 ). To understand the function of MIDD1, we introduced p35S::MIDD1-RNAi into the XVE-VND6 cultured cell line. MIDD1-RNAi suppressed MIDD1 mRNA levels to 20% of that of control cells ( Figure 2H ). MIDD1-RNAi did not inhibit xylem cell differentiation ( Figure 2F) ; however, it did inhibit the formation of xylem cells with pitted secondary walls ( Figures 2E and 2G ). This result demonstrates that MIDD1 is a key factor involved in the formation of secondary wall pits. Consistent with this effect, MIDD1-RNAi increased the number of xylem cells in which cortical microtubules were present in walls without pits ( Figures 2I and 2J ). Therefore, MIDD1 is likely to play a role in promoting cortical microtubule depolymerization at restricted domains, resulting in the formation of secondary wall pits. When MIDD1-GFP was conditionally expressed in nondifferentiating cells, MIDD1-GFP significantly reduced cortical microtubule density ( Figures 2K and 2L ), which suggests that MIDD1 promotes cortical microtubule depolymerization.
MIDD1 Accumulates at the Plus End of Shrinking Microtubules
To understand the molecular mechanisms underlying how MIDD1 is involved in cortical microtubule depolymerization, we investigated the dynamics of MIDD1-GFP along microtubules in developing xylem cells. Kymograph analysis indicated that MIDD1-GFP accumulated predominantly at the plus end of microtubules during shrinkage ( Figures 3A-3D ). Time-lapse observations of EB1-labeled microtubules supported the predominant localization of MIDD1 at the plus end of shrinking microtubules ( Figure S3 ). The signal strength of MIDD1-GFP was the highest soon after catastrophic events ( Figure 3E ). These observations suggest that MIDD1 suppresses rescue events at the plus end of microtubules. Indeed, in cells expressing MIDD1-GFP, the rescue frequency of microtubules was remarkably reduced, whereas the growth rate or shrinkage rate was not affected (Table S1 ). Interestingly, a few immobile clusters of MIDD1-GFP remained along the trail of shrinkage ( Figures 3A and 3B ). Because RFP-TUB6 fluorescence was also observed with the clusters (Figure 3C ), the clusters were considered to be complexes containing MIDD1 and microtubule fragments.
MIDD1 Is Anchored to Specific Domains of Plasma Membrane
To understand the domain function of MIDD1, we introduced truncated MIDD1 proteins fused with GFP into developing xylem cells. Truncated MIDD1 proteins lacking C-terminal Table S1 and Movie S1.
domains longer than 96 amino acids did not accumulate at the plus end of shrinking microtubules and were not retained as clusters on the trail of microtubule shrinkage (Figures 3F and  3G ; Movie S3). The 120 amino acid N-terminal domain was enough to enable colocalization with cortical microtubules in vivo and in vitro ( Figures S4B-S4D  0 ) ; however, N-terminal domains shorter than 120 amino acids did not colocalize with microtubules ( Figure S4B ). This result indicates that the 96 amino acid C-terminal domain of MIDD1 is necessary for the localization on the plus ends of shrinking cortical microtubules and that the 120 amino acid N-terminal domain is necessary for colocalization with cortical microtubules. Indeed, although the 120 amino acid N-terminal domain of MIDD1 and MIDD1 proteins lacking C-terminal 96 amino acids colocalized with cortical microtubules (Figure 2K ), they did not promote microtubule disassembly ( Figure 2L ; Table S1 ). Therefore, the binding of MIDD1 to the plus end of microtubules appears to be coupled with microtubule disassembly. Because truncated MIDD1 proteins lacking a C-terminal domain longer than 96 amino acids colocalized with cortical microtubules, but not specifically with microtubules inside of pits (Figures 4A and 4B ; Figures S4D and S4D 0 ; Movie S3), this suggests that a domain containing the C-terminal sequence may determine the pit-specific localization of MIDD1.
The 96 amino acid C-terminal domain is a part of the second coiled-coil domain (L158-S366) of MIDD1. Therefore, the subcellular localization of a truncated protein (amino acids 121-396) containing the second coiled-coil domain was examined. MIDD1
121-396 -GFP did not colocalize with cortical microtubules as expected ( Figure 4A ). Instead, MIDD1
121-396 -GFP accumulated along the cell cortex, in particular, just inside the thin wheat germ agglutinin-labeled cell wall in pits, suggesting that MIDD1 -GFP localizes on the plasma membrane in contact with secondary wall pits ( Figures 4C-4E) . Such patched accumulation on the plasma membrane started in the early stages of differentiation, when secondary wall thickenings were not visible ( Figures 4F-4H ). These results indicate that MIDD1 is targeted to the plasma membrane of the pits through the second coiled-coil domain. MIDD1-GFP was still localized at distinct domains, even in the case in which cells were treated with oryzalin during differentiation ( Figure S4E ). This fact suggests that the targeting of MIDD1 into the plasma membrane domain is independent of the presence of cortical microtubules and secondary walls.
Here we have demonstrated that pits of the secondary walls in plant cells are formed by depolymerization of cortical microtubules beneath specific domains of the plasma membrane. MIDD1, a novel microtubule-associated protein, bridges the Table S1 . Scale bars represent 2 mm (B and C), 5 mm (A, I, and K), and 10 mm (E).
spatial information marked on the plasma membrane and cortical microtubule dynamics. Figures 4I-4K illustrate a possible model of cortical microtubule dynamics regulated by MIDD1. MIDD1 is recruited to plasma membrane domains ( Figure 4I ). When cortical microtubules grow into the cortical area beneath these domains, the microtubules are captured by MIDD1 ( Figure 4J ) and rescue events of cortical microtubules are prohibited, which results in local microtubule disassembly ( Figure 4K ). Recently, it was reported that vesicles that traffic cellulose synthase complexes are associated with microtubule plus ends during shrinkage [21] . Therefore, the active depolymerization of cortical microtubules at the distinct domains might cause elimination of cellulose synthase complexes from the domain, which effectively induces formation of secondary wall pits. MIDD1 is a member of the ICR/RIP family of proteins, which interacts with plant-specific Rac/Rho GTPases (ROPs) [22, 23] . It is known that some ROPs are localized at specific domains of the plasma membrane [24] . Therefore, MIDD1 might be recruited to the domains by interaction with ROPs and might function in depolymerization of cortical microtubules as an active ROP effector. In pollen tubes, ICR1/RIP1 associates with ROP1 and regulates polarized growth of pollen tubes [23] . ICRI/RIP1 forms oligomers [22] , and the yeast Dam1 complex and kinesin-13 oligomerize to form a ring that is processively collected on the inside of curved protofilaments of microtubules during shrinkage in vitro [25] [26] [27] . Drosophila KLP59C, a member of the kinesin-13 family, inhibits the rescue of microtubules and is localized at the ends of shrinking microtubules [28] . Similarly, MIDD1 might be oligomerized to form rings around microtubules, enabling tracking of the ends and prohibiting rescue events, as shrinkage proceeds within the domain. As a result, MIDD1 mainly accumulates at the plus end of microtubules during shrinkage. MIDD1 might also preferentially bind to the curved microtubule protofilaments like kinesin-13s [29] . However, MIDD1 exists specifically in the plant kingdom and has an entirely different structure from kinesin-13. Thus, our study indicates that plant cells have developed unique subcellular regulatory machinery for the dynamics of two-dimensional microtubules at the plasma membrane. 
